Introduction and history
========================

While the US Congress designated the 1990s as the "Decade of The Brain", many of the initial advances were limited to traditional neurologic disease processes which had obvious structural pathology (as in acute and chronic stroke) or neurochemical aberrations (as in Parkinson's Disease). Within the past decade however, the application of novel neuroimaging methods to psychiatric diseases has substantially grown. As the field continues to advance, these techniques may ultimately expand our ability to identify vulnerability to drug use and potentially tailor treatment to the individual user.

Historically, substance dependence disorders, as with many psychiatric diseases, have not been characterized by obvious neurostructural or chemical pathology in a single region of the brain. Through a steadily increasing number of publications since the beginning of the 21st century ([Figure 1](#f1-sar-3-115){ref-type="fig"}), however, we now know that the continuum of substance use, dependence, abstinence, and relapse is associated with a cascade of dysregulation which likely begins in ventral areas of the striatum and expands to effect dorsal regions within the striatum as well as frontal and temporal cortical areas that project to the striatum.

While much of the original literature on the neural circuitry of addiction was done in rodent and non-human primate literature, powerful new functional connectivity measurements using magnetic resonance imaging in humans have allowed us to model these alterations in functional connectivity in cocaine users. Not only have these techniques provided us with the opportunity to translate the basic science research on acute and chronic cocaine use to clinical populations, they have also enabled us to investigate differences in individuals that are able to successfully abstain from cocaine from those that are not -- a uniquely human and clinically critical aspect of addiction.

In this review, we will first describe several of the imaging methods that are actively being used to address functional and structural integrity in addiction. This will be followed by an overview of (1) the brain regions that are most often cited as dysfunctional in substance dependent individuals, with a specific emphasis on cocaine dependence, and (2) the growing research on functional and structural connectivity disruptions in these patients.

Methods used to image
=====================

Much of our understanding of the neurobiological consequences of chronic drug use in humans has come from imaging studies using positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) to measure cerebral metabolism, blood flow, or blood volume. In this section we present some of the neuroimaging methods commonly used to study cocaine addiction along with promising new techniques. These methods have various strengths and weaknesses regarding their application to measuring brain structure and functional activity in addicts over time ([Table 1](#t1-sar-3-115){ref-type="table"}).

Structural magnetic resonance imaging (MRI)
-------------------------------------------

MRI is a powerful technique that uses the principles of nuclear magnetic resonance to create a high resolution image of different tissue types in the body. The resolution and quality of the tissue differentiation signal is associated with many aspects of the MRI protocol but one of the most apparent is the strength of the magnetic field. While most human imaging studies are now conducted in 3 Tesla MR scanners, animal imaging studies are now commonly conducted in 7 and 9 Tesla MR scanners. This higher field strength enables investigators to ask more precise questions about localization of function and integrity of tissue.

As a brief summary, the central principle of MRI is that through alignment of hydrogen atoms to a magnetic field, the structural composition of the tissue type can be determined by calculating the time that it takes for these atoms to return to their previous, unaligned state. Hydrogen atoms all have a magnetic spin and these spins are typically randomly distributed. In the presence of a magnetic field, however, these protons will align with a gradient induced by the MR scanner. Once aligned to a magnetic gradient, the atoms located in the numerous tissue types in the brain will drift back to their baseline state.

Although there are many different MR sequences (each designed to maximize contrast on a specific tissue type), the T1 contrast is among the most frequently acquired in imaging studies of addiction. In a brain image that was acquired with T1-weighted contrast, the gray matter of the cortex and the subcortical nuclei appear dark, the myelin of the axonal pathways is lighter in color, and the cerebrospinal fluid in the ventricles is black. This grayscale separation allows for analysis of the brain structure of cocaine users.

A common method for quantitatively measuring structural differences among cocaine users is voxel-based morphometry (VBM). Briefly, through segmentation of the T1 image into three component parts (gray matter, white matter, and cerebrospinal fluid), and spatial transformation of these components to a common anatomical template, it is possible to infer region specific changes in brain atrophy or enlargement. There are several studies which have used VBM to characterize alterations in tissue density among cocaine users and abstainers.[@b1-sar-3-115]--[@b3-sar-3-115]

Diffusion tensor imaging (DTI)
------------------------------

Another powerful anatomical imaging technique using magnetic resonance technology is diffusion tensor imaging. Whereas typical gradient echo imaging for structural MRI provides high resolution data regarding the composition of the brain at a specific location, DTI employs a series of gradients to generate information about diffusion within the brain.[@b4-sar-3-115] Although DTI has the ability to assess many different tissue types, the most common application of this technique in addiction literature is to quantify the integrity of axon tracts ("white matter") in the brain. This is accomplished by calculating the Brownian motion of water molecules following the application of magnetic gradients from multiple directions.

Anisotropy is a term used to express that something has directional properties, rather than being a perfect sphere. Fractional anisotropy (FA) is a commonly used metric to quantify the results of DTI studies. Areas with high diffusion coefficients (eg, the lateral ventricles in which the diffusion of water molecules are not encumbered by tissue structure) have low anisotropy. Areas with low diffusion coefficients (eg, the corpus callosum in which the diffusion of water molecules is restricted by the bundles of axons) have high anisotropy. Consequently, DTI provides insight into the integrity of long range axonal fiber tracts connecting different areas of the brain. Among cocaine users, DTI has revealed that white matter integrity in the frontal lobe is decreased among cocaine abusers.[@b5-sar-3-115]--[@b7-sar-3-115] Moreover, the decrements in the integrity of the frontal lobe have been associated with greater impulsivity among users,[@b6-sar-3-115] and shorter length of abstinence among a group of cocaine users receiving treatment.[@b7-sar-3-115]

Magnetic resonance spectroscopy (MRS)
-------------------------------------

A relatively new method being used to study cocaine and the brain, and offering a way to examine the biochemical composition of the brain noninvasively is MRS.[@b9-sar-3-115] Rather than examine the structural integrity or tissue composition in the brain, spectroscopy assesses the chemical composition of neural tissue. Using the same principles of nuclear magnetic resonance that create the standard anatomical MR contrasts, spectroscopy calculates the contribution of a suite of protein metabolites (each with its own nuclear magnetic resonance frequency) that are present in the neural tissue. Although the suite of metabolites that can be identified has been relatively limited to date (creatine, lactate, myoinositol, N-acetylaspartate), increasingly sophisticated imaging techniques such as chemical shift imaging are being developed to differentiate between various neurotransmitters (such as glutamate and γ-aminobutyric acid) which has historically been difficult due to the similarity in their resonance signatures.

Recent papers using MRS showed lower levels of glutamate in the rostral anterior cingulate cortex (ACC; associated with cognitive control) in cocaine users versus controls and that glutamate levels in the dorsal ACC (associated with reward response) were positively associated with impulsivity among users.[@b11-sar-3-115],[@b12-sar-3-115] Further, Schmaal and colleagues demonstrated that N-acetylcysteine, which has been studied for treating cocaine addiction,[@b13-sar-3-115] acutely decreased glutamate levels in the dorsal ACC among cocaine users.[@b11-sar-3-115] MRS has also demonstrated decreased levels of N-acetylaspartate, a neuronal marker, in the frontal lobes of cocaine users, indicating neuronal injury.[@b14-sar-3-115]

Functional magnetic resonance imaging (fMRI)
--------------------------------------------

Whereas structural MRI and DTI provide information about the composition of the brain at a single time-point, fMRI is a very common imaging approach that provides information about the functional activity of the brain over time. This is achieved through the assessment of oxygenated and deoxygenated hemoglobin, each of which can be differentiated via their magnetic properties. Information in the brain is transmitted when populations of neurons send action potentials to their synaptic terminals, which release various neurotransmitters that in turn bind with postsynaptic receptors on neighboring neurons. This neural activity requires oxygen, which is delivered to the site of activity via hemoglobin molecules in the blood. In fMRI studies, neural activity is approximated by assessing the alterations in the ratio of oxygenated to deoxygenated blood in a specific brain region. This is referred to as blood-oxygen level dependent (BOLD) activity, and is frequently described as the BOLD signal.

Functional MRI is typically used to investigate regional brain function by having participants engage in tasks while they are in the MR scanner. For example, participants may be asked to view cocaine-related versus neutral pictures or to complete a motor task by mimicking finger movements with a response box. The time course of BOLD signal throughout the experimental conditions is then analyzed both within and between participant groups to determine which brain regions were more active during those tasks relative to a control. The flexibility of functional MRI has enabled it to be applied to addiction in many different ways.

Within addiction literature, fMRI has been widely applied to address questions that range from the acute effects of cocaine on the brain to uncovering patterns of neural activity that predict successful treatment outcomes. Studies using fMRI have found that when cocaine users are exposed to cocaine cues (eg, images, video), cortical and limbic regions associated with reward and motivation, memory, and learning (eg, ACC, medial and inferior parts of the prefrontal cortex, caudate) have increased BOLD signal, supporting the link between cocaine use and dopaminergic pathways.[@b15-sar-3-115]--[@b17-sar-3-115]

Arterial spin labeling (ASL)/cerebral blood flow measurement
------------------------------------------------------------

ASL is a noninvasive functional imaging method which uses the same properties of MR mentioned in the previous techniques to label water in the arterial blood flowing into the brain region (or slice) of interest. The magnetically labeled water in the arterial blood is essentially treated as a noninvasive tracer as it enters brain tissue.[@b18-sar-3-115] As opposed to BOLD imaging, in which the intensity of activation in a brain region during a specific task or event can only be interpreted relative to another task, event, or brain region, the ASL technique provides an absolute measurement of the amount of blood that was delivered to the brain region of interest (ROI).

The contrast in ASL is achieved by first magnetically labeling the arterial blood below a selected ROI and, as it enters the ROI, acquiring this magnetically tagged image. A subsequent control image is then taken without the labeled arterial blood, and subtracted from the tagged image, creating a perfusion image, allowing for a quantification of cerebral blood flow (CBF) into the region. This multi-step process can take more than twice as long as the acquisition of a BOLD image. A potential benefit of ASL over BOLD imaging, however, is the lower variability between subjects -- which could allow for smaller sample sizes to detect effects -- and greater reliability of measurement within subjects over scans.[@b19-sar-3-115],[@b20-sar-3-115] ASL is a relatively new method being used to study addiction, and there are no currently published studies using this approach to investigate cocaine abuse among humans. ASL is however being used to study other addictive processes, such as alcohol abuse, and to longitudinally assess changes during abstinence or relapse.[@b21-sar-3-115],[@b22-sar-3-115] ASL shows promise as a new tool for elucidating the mechanisms of cocaine abuse.

Positron emission tomography (PET)
----------------------------------

Whereas the previous imaging techniques all use the principles of nuclear MR to generate images of neural structure and function, PET is an extremely powerful neuroimaging technique which can quantify the binding of various neurotransmitters in the brain (such as dopamine or serotonin) as well as monitor functional activity via glucose consumption. This image is generated after the injection of safe amounts of radioactive tracers, which contain positron-emitting isotopes that bind to specific elements of interest in the brain (eg, glucose, dopamine). The PET scanner generates a three-dimensional image of the brain which includes the location and density of the tracers at their binding sites, indicating areas of increased activity (eg, glucose metabolism, CBF).

Although PET experiments typically result in a single image of radioligand binding and thereby lack the temporal resolution of fMRI, the ability to label the spatial distribution of specific neurotransmitters, including dopamine receptors and glucose metabolism, has had significant impact on our knowledge of cocaine's effects on the brain.[@b23-sar-3-115],[@b24-sar-3-115] Over the past two decades, Volkow and colleagues have published a large repertoire of publications on alterations in glucose metabolism and dopamine binding density in cocaine users. Among the most influential of these publications is the identification of compromised dopamine systems and lower metabolic rate of glucose in both frontal and limbic regions in current and abstinent cocaine users, a phenomenon now referred to as hypofrontality.[@b8-sar-3-115]

Neural regions involved in addiction
====================================

The multiple neuroimaging methods used to study the relationship between cocaine and the brain have consistently found alterations in both cortical and subcortical brain regions. These regions are important in cocaine abuse, including the emotional response to drug cues, or craving, and the controlled regulation of those responses. With advancements in imaging and analytical methods, over time we have learned not only of the areas important in cocaine abuse, but how they connect and work as a functional network. Information about both morphology and BOLD signal in different brain regions continues to provide a clearer image of cocaine addiction in the brain. In this section, we describe some of the regions repeatedly found to be important in cocaine abuse ([Figure 2](#f2-sar-3-115){ref-type="fig"}).

Subcortical regions
-------------------

The primary site of action of cocaine is in the dopamine-rich regions of the ventral striatum, including the nucleus accumbens (NAcc) and the ventral tegmental area (VTA). Although it is relatively scarce in the brain relative to glutamate and gamma-Aminobutyric acid, dopamine is the primary neurotransmitter associated with governance of reward-related experience and learning. The primary mechanism of action of cocaine is to block reuptake of dopamine, thereby flooding the synapse with dopamine and leading to the euphoric and rewarding aspects of cocaine use.[@b25-sar-3-115] In proportion to the total brain volume of a typical adult, the NAcc and the VTA are very small (approximately \< 1 cm^3^ on the standardized Montreal Neurologic Institute template compared to the brain which is over 1100 cm^3^). While this poses a challenge for human functional imaging techniques which usually have a maximal resolution of 6 mm for PET and 2 mm for BOLD, several high resolution imaging studies have been able to assess alterations in these regions in cocaine users.

### Ventral tegmental area (VTA)

The VTA is a structure in the midbrain where the dopamin-ergic projections to limbic and cortical areas originate, making it a key component of the reward circuitry implicated in addiction. The VTA is a small structure and difficult to resolve in whole brain imaging of humans due to size and partial volume effects. Consequently, activity related to this region is often not reported in studies on cocaine. Acute cocaine administration in the MR scanner, has been associated with elevated activity in the VTA. This elevated BOLD signal in the VTA has been correlated with the "rush" associated with cocaine.[@b24-sar-3-115] Another study however, demonstrated lower BOLD signal in the VTA following administration.[@b27-sar-3-115]

### Nucleus accumbens (NAcc)

The NAcc receives afferent projections from the VTA. It is dopamine rich and the increase in dopamine levels in the NAcc produces the positive, rewarding affective response of cocaine. Both fMRI and PET studies have demonstrated altered NAcc activation during cue-elicited craving, self-reported craving, and during cocaine administration.[@b15-sar-3-115],[@b26-sar-3-115]--[@b28-sar-3-115] Following acute administration of cocaine in the MR scanner, activity in the NAcc was negatively correlated with reports of cocaine high and positively correlated with craving.[@b26-sar-3-115],[@b29-sar-3-115] Thus, activity in this component of reward circuitry of the brain may be suppressed with the acute effects of cocaine, but increased when the craving reinstates.

### Dorsal striatum (or basal ganglia)

As individuals transition from casual to habitual cocaine use, there is likely an expansion of dysfunction from the ventral striatum (linked with motivation and reward) to the dorsal striatum (reflecting habitual behavior). This transition has been elegantly demonstrated in rodent[@b30-sar-3-115] and non-human primate work.[@b31-sar-3-115] Although longitudinal studies that could capture this transition are difficult to do in humans, studies have demonstrated that while acute cocaine use is mediated by the ventral striatum,[@b29-sar-3-115] after chronic cocaine use (12 or more years), these substance-dependent individuals have dysfunction throughout their dorsal striatum.[@b32-sar-3-115] The dorsal caudate and the putamen form the dorsal striatum. Strongly connected with the cortical targets of the mesocortical dopamine systems, the dorsal striatum is involved in decision making, reward-related learning, movement, and the processing of sensorimotor, cognitive, and emotional information.[@b33-sar-3-115]

### Caudate nucleus

The caudate is generally involved with goal-directed and motivated behavior[@b33-sar-3-115] and is active during cue-elicited craving.[@b15-sar-3-115],[@b28-sar-3-115] Increased BOLD signal in the caudate has been found when users report feeling the rush and high from cocaine administration.[@b26-sar-3-115],[@b29-sar-3-115] The volume of the caudate may be larger in cocaine users than controls,[@b2-sar-3-115] which has been further related to impaired attention.[@b34-sar-3-115] In a study with patients in treatment for cocaine abuse, Sinha and colleagues found that when cocaine users were instructed to imagine stressful situations while in the scanner, they had increased BOLD signal in the caudate. Activation in the caudate during this stress task was also associated with an increase in cocaine craving.[@b35-sar-3-115]

### Putamen

The putamen is generally involved in movement and learning[@b33-sar-3-115] and its volume is larger among cocaine users.[@b34-sar-3-115] During a working memory task for example, cocaine users have lower activity than healthy controls in the putamen, an area critical for successful performance.[@b37-sar-3-115] Furthermore, in an innovative treatment study, Brewer and colleagues determined that lower activity in the putamen during a Stroop color-naming task prior to enrolling in a drug treatment program, predicted a shorter length of abstinence in treatment-seeking cocaine users.[@b38-sar-3-115] Although typically assigned to the sensorimotor and cognitive aspects of cocaine addiction, activity in the putamen is also correlated with levels of craving following cocaine administration.[@b26-sar-3-115] Using PET, Wong and colleagues demonstrated elevated levels of dopamine receptor occupancy in the putamen when cocaine users were experiencing cue-induced craving.[@b36-sar-3-115]

### Thalamus

Likely the largest hub of afferent and efferent connections in the brain, the thalamus is actually a complex of four nuclei which act as relays between cortical and subcortical structures. Among cocaine-dependent individuals, the volume of gray matter in the left thalamus is lower than in controls.[@b39-sar-3-115] Compared to controls, cocaine users have decreased BOLD signal in the thalamus during visual attention and memory tasks.[@b37-sar-3-115],[@b40-sar-3-115] Using fMRI, deactivation in the thalamus during a working memory task has been associated with less effectiveness of treatment as measured by urine screens.[@b35-sar-3-115] BOLD activity in the thalamus has been associated with the high from acute administration[@b26-sar-3-115],[@b29-sar-3-115] and cocaine cue exposure.[@b15-sar-3-115]

### Amygdala

The amygdala is a subcortical structure which receives inputs from the thalamus and hippocampus, and is important in the interpretation of the salience of sensory information and reinforcement.[@b41-sar-3-115] The amygdala directs attention and emotional response, memory formation, and instrumental behavior. For instance, increased amygdala activation in response to implicit cocaine cues correlated with positive affective response ratings to the cues -- demonstrating its importance in the identification of the salience of drug-related stimuli even outside of awareness.[@b42-sar-3-115] Amygdala volume is smaller among cocaine-dependent individuals relative to controls[@b43-sar-3-115] and activation in the amygdala is increased during cue-elicited craving.[@b27-sar-3-115],[@b44-sar-3-115]--[@b46-sar-3-115] Using PET, Childress and colleagues found increases in CBF in both the amygdala and ACC in cocaine users versus controls while viewing cocaine-related videos.[@b45-sar-3-115]

Cortical regions
----------------

In addition to functional and neurochemical alterations in the dopamine-rich subcortical areas, chronic and acute exposure to cocaine is associated with functional and structural irregularities in cortical areas that project to these subcortical domains. One consistent finding in neuroimaging studies is that of "hypofrontality", or decreased function of the prefrontal cortex of cocaine abusers when compared with non-drug using controls. This dysfunction in the prefrontal cortex has been characterized by profound changes in glucose metabolism, dopamine density, BOLD signal, and neural tissue density associated with cocaine abuse.

### Prefrontal cortex (PFC)

The PFC occupies the frontal section of the brain, anterior to the precentral gyrus, and is involved in many higher order processes such as planning, decision making, inhibition, coordinating purposeful behavior, and top-down cognitive processes which are controlled and effortful.[@b47-sar-3-115] Areas of the PFC are connected to limbic regions and are involved in emotional processing as well. Major segments of the PFC important in addiction include the medial PFC (mPFC, Broadmann Area, BA 9), the dorsolateral PFC (DLPFC, BA 46), and the OFC (BAs 10, 11, 47).

### Medial prefrontal cortex (mPFC)

The mPFC extends throughout the medial section of the frontal cortex and into the OFC. Studies using PET and fMRI have shown that cocaine users have increases in mPFC activity when exposed to cocaine versus neutral cues.[@b15-sar-3-115],[@b44-sar-3-115],[@b48-sar-3-115] Using VBM, researchers have shown that gray matter volume in the mPFC reduced compared to controls.[@b2-sar-3-115],[@b49-sar-3-115] The mPFC also plays an important role in the cognitive decrements seen in cocaine users. Functional imaging studies have shown general hyopactivation in the mPFC among users, relative to controls, during cognitive and attention tasks.[@b50-sar-3-115]--[@b52-sar-3-115] Moreover, hypoactivation of the ventral mPFC during a cognitive task (Stroop) in cocaine users prior to entering treatment has also predicted shortened length of abstinence.[@b38-sar-3-115]

### Dorsolateral prefrontal cortex (DLPFC)

The DLPFC sends afferent projections to the dorsal striatum, and is involved in higher order processes, such as conscious decision making, reasoning, working memory, inhibition, as well as outcome prediction.[@b53-sar-3-115] Cocaine users have a significant reduction in cortical thickness in the DLPFC compared to controls.[@b52-sar-3-115] The DLPFC is active during craving,[@b44-sar-3-115] and PET and fMRI studies have shown increased activation when cocaine users are presented with drug-related stimuli and given cocaine injections.[@b16-sar-3-115],[@b27-sar-3-115],[@b44-sar-3-115],[@b55-sar-3-115] Abstinent cocaine users have significantly less activity in the DLPFC as quantified via PET when engaging in decision-making tasks involving reward compared to nonusers.[@b52-sar-3-115] However, among active cocaine users, less BOLD signal in the DLPFC during a cognitive task (Stroop) prior to entering treatment predicted longer stays in treatment.[@b38-sar-3-115] Considered together, these data suggest that users with more efficient use of the DLPFC may do better in treatment, but these levels may not be restored to those of non-drug using controls following abstinence.

### Orbitofrontal cortex (OFC)

The OFC is located on the ventral surface of the prefrontal cortex, is part of the mesolimbic dopamine system and contributes to reinforcement of cocaine (eg, with NAcc, thalamus, ventral striatum, and indirectly with amygdala, cingulate, hippocampus). Given its strong connectivity to limbic regions as well as the mPFC and ACC, the OFC likely integrates the reinforcing effects of cocaine taking with the attentional aspects of cocaine seeking.[@b56-sar-3-115] The OFC has been implicated in response inhibition and its dysregulation and may contribute to the continued use of cocaine after the rewarding effects no longer are experienced. Thus, disruption of the OFC has been found to be related to risky decision making and an inability to anticipate outcomes.[@b53-sar-3-115] It has also been associated with perceiving the value of a stimulus, such as reward, and learning the association between a stimulus and outcome.[@b57-sar-3-115]

As with other frontal areas, the volume of gray matter in OFC is lower among cocaine-dependent individuals than non-drug using controls,[@b49-sar-3-115] and this decreased volume has been linked with greater cocaine-related compulsivity and longer duration of use.[@b1-sar-3-115],[@b2-sar-3-115],[@b39-sar-3-115] Functional neuroimaging has shown that the OFC is active during self-reported craving, and has been negatively correlated with reports of feeling high after administration.[@b29-sar-3-115],[@b44-sar-3-115] The OFC is active in response to both implicit and explicit cocaine cues.[@b42-sar-3-115],[@b44-sar-3-115] Activation in both the OFC and DLPFC has been repeatedly linked with drug cue exposure among cocaine users, but not with cocaine abstainers (or those in treatment).[@b58-sar-3-115] This may reflect differences in the ability to exert control over drug-seeking behaviors of those able to abstain. Furthermore, recent data from Volkow and colleagues[@b59-sar-3-115] suggest that individuals that are able to successfully lower their craving in the presence of cues, have a corresponding decrease in activity in the OFC, an insight which may be valuable in future treatment initiatives.

### Anterior cingulate cortex (ACC)

The ACC is part of the limbic system and is involved in the regulation of attention and emotion, inhibitory control, error monitoring, and motivation.[@b60-sar-3-115] Dysregulation of the ACC in cocaine users may underlie their inability to control their cravings. Cocaine users have decreased gray matter density in the ACC compared to controls,[@b49-sar-3-115] and this reduction has been found to be greater for those with a longer history of abuse.[@b1-sar-3-115],[@b2-sar-3-115] In addition, numerous reports have demonstrated that cocaine users have lower rates of glucose usage as measured with fluorodeoxyglucose (FDG) and PET, particularly in frontal regions including the cingulate and OFC.[@b61-sar-3-115]--[@b65-sar-3-115] These depressed rates of functional activity have been reported to persist for up to 3 months of abstinence.[@b8-sar-3-115]

Following cocaine administration there is an elevation of BOLD signal in the ACC[@b15-sar-3-115],[@b16-sar-3-115],[@b29-sar-3-115] which has been correlated with aspects of the cocaine high.[@b26-sar-3-115],[@b29-sar-3-115] Cocaine users have decreased BOLD signal relative to controls in the ACC when completing a task requiring cognitive inhibition[@b50-sar-3-115],[@b66-sar-3-115] and visual attention.[@b51-sar-3-115]

### Insula

The insula is a cortical structure located deep in the brain between the frontal and the temporal lobes, largely divided into the anterior and posterior insula. It has structural connections with many of the areas involved in addiction, including the amygdala, basal ganglia, thalamus, OFC, and PFC, giving it an important role in the neural circuitry of cocaine abuse.[@b67-sar-3-115] The insula is involved in emotion processing and arousal including awareness of one's own bodily states, as well as decision-making and other executive processes. Increased activation in the insula has been found when users experience cocaine craving and high as measured by PET and fMRI.[@b27-sar-3-115],[@b44-sar-3-115],[@b46-sar-3-115] Insula volume is reduced among cocaine users, and longer use of cocaine is correlated to smaller insula volume.[@b2-sar-3-115] In addition, smaller insula volume among cocaine users and abstainers is associated with decrements in attentional control.[@b2-sar-3-115],[@b3-sar-3-115]

From regions to circuits
========================

In addition to learning about activated regions, researchers are interested in understanding how these brain regions relate to one another, or their level of connectivity. The brain is a dynamic system with many areas activated simultaneously at different intensities and responsive to different aspects of the environment. Nearly all behaviors in the human repertoire are the result of a complex interaction requiring efficient electrochemical transmission between cortical and subcortical brain regions.

As displayed in [Figure 3](#f3-sar-3-115){ref-type="fig"}, pyramidal neurons in many of the cortical areas discussed above, project to subcortical targets via long, myelinated axons. Specifically, when the membrane potential of the cortical neuron (summated by the dendrites and soma) are sufficient to produce an action potential, an electrical signal propagates down the axon towards the subcortical target. The axon terminates at the synapse, where neurotransmitters will be released and affect the membrane potential of the subcortical neuron. The axon is covered in a myelin sheath which is required to maintain the electrical signal integrity. The myelin is formed by glial cells which are bright on a structural (T1 image) MRI ("white matter"), while the dendrites and cell bodies of the neurons are darker on a T1 image ("gray matter").

Connectivity analysis allows researchers to look at networks or circuits of brain regions to provide insight into how the brain regions work together to produce functional changes. Connectivity analysis occurs in two forms called functional and effective.[@b68-sar-3-115] Functional connectivity examines temporal correlations of spatially remote, neurophysiologi-cal events, or rather how different regions correlate in time. Effective connectivity examines the causal influence of one brain region on another.

Frontostriatal dopamine circuits
--------------------------------

While many neural circuits have been implicated in the behavioral manifestations of substance abuse, dependence, and relapse, the frontostriatal dopamine circuits are among the most frequently investigated. The mesocortical (associated with attention/executive processing) and mesolimbic (associated with reward/affective processing) dopamine circuits are thought to govern the alterations in cognitive control, impulsivity, and habit formation experienced by cocaine users.[@b62-sar-3-115] Animal studies have demonstrated that the mesolimbic dopamine system mediates the rewarding, reinforcing properties of cocaine. As drug use progresses to abuse, the rewarding properties of the drug become less salient, and drug taking becomes guided by conditioned responses and habit formation, which are mediated by the mesocortical system.[@b30-sar-3-115],[@b31-sar-3-115]

Imaging circuits in substance abuse populations
-----------------------------------------------

The functional and effective connectivity of neural circuits can be measured in several ways: (1) during an active state in which participants are engaged in a task, (2) during a resting state in which participants are not actively engaged in a task, and (3) during a hybrid situation in which external brain stimulation is used to activate neural circuits while a participant is resting.

Functional connectivity during task performance
-----------------------------------------------

A recent study by our laboratory group used a region-based functional connectivity analysis to address alterations in sen-sorimotor function in cocaine-dependent individuals. A prior study in this population had demonstrated that cocaine users have elevated activity in several cortical motor regions during a simple sensorimotor integration task. Although the cocaine users had significantly longer reaction times and made more errors than the controls, the BOLD signal in these cortical regions did not correlate with the behavioral impairment.[@b69-sar-3-115]

Consequently, we shifted our focus from looking at individual brain regions in isolation to the functional interaction between the regions. Using a ROI approach, we extracted the time course from several brain regions which were involved in successful task performance and measured the degree of functional coupling (or connectivity) via cross correlation in the cocaine users and healthy controls. These data revealed cocaine users had a selective impairment in coupling within the cortical--striatal connections. Cortical--cortical coupling however, was intact ([Figure 4](#f4-sar-3-115){ref-type="fig"}).[@b69-sar-3-115] The specificity of this deficit to frontostriatal connections suggests that cocaine addiction may share common neurobiological mechanisms with other clinical conditions such as obsessive compulsive disorder,[@b71-sar-3-115] Tourettes syndrome,[@b72-sar-3-115] and attention deficit disorder.[@b73-sar-3-115]

Functional connectivity during resting state
--------------------------------------------

Another way researchers are investigating the brain of cocaine users is by looking at networks of activations during a resting state. In resting state studies, participants lie in the scanner awake, instructed to keep their brain at rest typically for 6 minutes or more. These studies have found specific brain circuits to be active during the absence of stimulation, or while at rest. Resting state studies of addicted individuals have found alterations in the normal resting state circuitry.[@b74-sar-3-115]--[@b76-sar-3-115] For instance, connectivity, or correlated activity, between regions known to be important in cocaine addiction (eg, VTA, ACC, amygdala, thalamus) was decreased at resting state in cocaine users relative to controls, and less connectivity strength among the VTA to the thalamus and NAcc was correlated with more years of cocaine use.[@b74-sar-3-115] Li et al demonstrated that, at rest, acute cocaine administration decreases the functional correlation of voxels within isolated brain regions.[@b77-sar-3-115] These findings suggest that disruption of the reward system in cocaine users can be detected even in the absence of relevant cues.

Functional connectivity assessed via brain stimulation
------------------------------------------------------

While much of the focus of brain imaging studies to date has been "mapping" the neural circuits involved in various components of addiction, there is an emerging interest in "modulating" those neural circuits through brain stimulation techniques such as transcranial magnetic stimulation (TMS). With TMS, a coil that generates a magnetic field is placed over the scalp and produces electrical changes in the brain. The frequency at which the currents are generated can result in inhibition or excitation of activity in brain regions beneath the coil. Thus TMS can be used to probe specific regions and temporarily alter brain activity, providing insight into causal processes of addiction. It is now possible to investigate alterations in functional and structural connectivity in chronic cocaine users and abstainers via simultaneous brain imaging and brain stimulation. This technique, often referred to as interleaved TMS/BOLD imaging[@b78-sar-3-115],[@b79-sar-3-115] provides us with a unique opportunity to probe neural circuitry.

A recent study from our laboratory used an optimized interleaved TMS/BOLD sequence in two cortical targets to examine the differential activation of lateral (or mesocortical) and medial (or mesolimbic) neural circuits, which are known to be important in drug abuse. Interleaved TMS/BOLD imaging data was acquired for ten healthy individuals who received TMS in two runs with the coil positioned over the: (1) DLPFC and (2) mPFC. We found that DLPFC TMS was associated with a significant elevation of BOLD signal in multiple dorsal cortical areas, whereas mPFC TMS was associated with a significant elevation of BOLD signal in multiple medial and limbic subcortical areas ([Figure 5](#f5-sar-3-115){ref-type="fig"}). These preliminary data demonstrate that it is possible to differentially activate known cortical--subcortical networks through brain stimulation and has important implications for both basic neuroscience research and in patient populations with pathology differentially affecting mesolimbic versus mesocortical circuitry.

Structural connectivity: white matter
=====================================

As described above, the last 15 years have been a period of tremendous growth in our knowledge of the cortical and subcortical brain regions affected in cocaine users and abstainers. Furthermore, there is a growing body of research on alterations in functional connectivity in cortical--striatal circuits of cocaine users. While pathology in these neural circuits may be related to compromised function of the neural gray matter (eg, cell loss, dendritic spine growth, receptor density changes), it may also be related to compromised structure in the fiber tracts which connect one region of the circuit to the next ("white matter").

Structural abnormalities of both gray matter and white matter in cocaine users are well established.[@b5-sar-3-115],[@b80-sar-3-115]--[@b84-sar-3-115] These studies consistently report that the volume and tissue density of the PFC is smaller in cocaine users than non-drug using controls, and may be related to length of use.[@b84-sar-3-115] Bartzokis and colleagues investigated white matter volume in a large cohort of cocaine-dependent individuals and demonstrated that cocaine-dependent individuals did not have the same age-related increases in white matter volume observed in non-drug using controls, suggesting an arrested development of white matter.[@b85-sar-3-115] While several studies have demonstrated that after several weeks of abstinence, former cocaine users still have lower PFC gray matter,[@b49-sar-3-115],[@b81-sar-3-115] individuals that are able to remain abstinent for at least 30 days have no difference in prefrontal gray or white matter relative to non-drug using controls.[@b3-sar-3-115]

The development of DTI has complemented the rise of functional connectivity as it provides insight into the structural basis for impaired functional connections. One of the primary outcome measures of DTI studies is fractional anisotropy (see "Methods used to image" section) which is an indirect measure of the degree of directional diffusion in that brain area. Specifically, brain areas in which water must diffuse along an axon will have a higher FA value than brain areas without any barriers to movement (eg, cerebrospinal fluid).

One of the first studies to document alterations in the structural integrity of white matter fiber tracts in cocaine users was by Moeller et al.[@b83-sar-3-115] Using DTI, they demonstrated that cocaine-dependent individuals have lower FA values in the genu and body of the corpus callosum, the largest white matter tract of the brain which serves to integrate information between hemispheres. These authors also found a significant correlation between elevated impulsivity scores and lower FA values in the anterior segments of the corpus callosum in these cocaine-dependent individuals. The compromised structural integrity of callosal fibers is likely due to a loss in myelin[@b86-sar-3-115] and the association with high impulsivity has been subsequently replicated.[@b5-sar-3-115],[@b6-sar-3-115],[@b87-sar-3-115]

Although there are no studies available to date integrating alterations in functional connectivity with changes in structural integrity of myelinated axons projecting between cortical and subcortical regions, this is likely to change within the next few years. Several groups are currently developing quantitative methods to unite functional and structural pathology. As demonstrated in [Figure 6](#f6-sar-3-115){ref-type="fig"}, in a recent functional imaging study by our group, a cohort of cocaine-dependent individuals and age- and gender-matched controls performed a simple right hand finger tapping task in an MRI scanner during BOLD image acquisition.[@b69-sar-3-115] During this task, in which controls use predominantly their left hemisphere, cocaine users have significantly greater activity in both the left and right primary motor cortex. DTI data from these individuals demonstrate that the users have significantly lower FA in the body of the corpus callosum ([Figure 6A](#f6-sar-3-115){ref-type="fig"}), and that the areas of lower FA values in the cocaine users are spatially coincident with areas of elevated functional activity ([Figure 6B](#f6-sar-3-115){ref-type="fig"}), suggesting the loss of the typically lateralized neural circuit is related to a loss of inhibitory transmission through the corpus callosum. As the sophistication and availability of tools allowing investigators to integrate multiple modes of neuroimaging data continues to grow, it is likely that the next decade of research in neuroimaging of neural circuits in addiction will shift towards uniting our knowledge of functional connectivity and structural integrity.

Conclusion
==========

Cocaine abuse is a complex disorder. In the last 30 years, we have seen tremendous growth in imaging. As the technology continues to grow rapidly, the developments in our knowledge of this disease process also seem to grow. These methods have allowed us to see that the effects of cocaine are not limited to the VTA and NAcc. Instead, in humans, the effects of cocaine involve a complex network of cortical and subcortical circuits. As addiction progresses (and in abstinence), this network is also dynamic. Furthermore, recent work has demonstrated that these dynamic changes in functional connectivity are associated with alterations in structural integrity. With each year, technological and analytical developments, as well as devoted and creative researchers, are bringing us closer to an integrated understanding of the functional and structural alterations that occur in the brains of chronic cocaine users as well as the hallmarks of successful abstainers.
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![Number of original research publications using neuroimaging to study addicted populations users. The graph above demonstrates the results of a PubMed Central literature search for all original human research published between 1990 and 2011 containing addiction related keywords\* and either "neuroimaging" (blue) or connectivity-related (red) keywords^\#^.\
**Notes:** \*Addiction, substance dependence, cocaine, alcohol, marijuana, opiate, methamphetamine, nicotine; ^\#^neural circuit, connectivity, network.](sar-3-115Fig1){#f1-sar-3-115}

![Cortical and subcortical brain areas frequently cited in cocaine addiction literature. Brain regions which are frequently investigated in both clinical and preclinical cocaine neuroimaging studies: orbital prefrontal cortex (OPFC), medial prefrontal cortex (MPFC), anterior cingulate cortex (ACC), insula, caudate (Cau), putamen (Put), ventral tegmental area (VTA), nucleus accumbens (N.Acc), amygdala (Amyg). The substantia nigra is not frequently assessed in cocaine literature but included here because of its dopaminergic relevance (S Nig). These regions are highly interconnected with some level of functional and structural organization.](sar-3-115Fig2){#f2-sar-3-115}

![A representative cortical neuron projecting to a subcortical neuron. Information in the brain is processed via neural circuits like these which rely on both intact functioning of the neurons and the structural integrity of the axons and myelin which will transmit the electrical potential. Both functional and structural connectivity of cortical--subcortical circuits appear to be compromised in chronic cocaine users.\
**Notes:** This figure of two pyramidal neurons is for display purposes only. It is not to scale. There are also reciprocal subcortical--cortical projections.](sar-3-115Fig3){#f3-sar-3-115}

![Cortical--striatal connectivity deficits during a simple sensorimotor integration task in cocaine users. Reprinted from Drug and Alcohol Dependence. Hanlon CA, Wesley MJ, Stapleton JR, Laurienti PJ, Porrino LJ. The association between frontal-striatal connectivity and sensorimotor control in cocaine users. *Drug Alcohol Depend*. 2011;115(3):240--243. Copyright 2011, with permission from Elsevier.[@b70-sar-3-115] (**A**) During a simple finger tapping task (which requires frontal and striatal coordination including the dopamine system) controls have a significant functional coupling between both cortical--cortical regions and cortical--subcortical regions. (**B**) In cocaine users however, cortical--subcortical coupling was impaired despite intact cortical--cortical coupling.](sar-3-115Fig4){#f4-sar-3-115}

![Measuring functional connectivity via simultaneous brain imaging and brain stimulation. Through the use of transcranial magnetic stimulation in the magnetic resonance environment, we are able to selectively stimulate cortical brain regions and measure the BOLD response or changes in blood flow secondary to the stimulation.\
**Abbreviation:** BOLD, blood-oxygen level dependent.](sar-3-115Fig5){#f5-sar-3-115}

![Integrating impaired structural integrity in cocaine users with functional activity. (**A**) Cocaine users (n = 26) have lower structural integrity of transcallosal fibers than controls (n = 36) (fractional anisotropy values, *P* \< 0.001). (**B**) Loss of structural integrity (blue) overlain with abnormal functional activity (orange) in chronic cocaine users during a basic finger tapping task.\
**Notes:** As described in Hanlon et al,[@b70-sar-3-115] cocaine users have a loss of typical functional laterality during a simple finger tapping task. These data demonstrate that cortical areas of abnormally elevated BOLD signal are coincident with areas of decreased corpus callosum fiber integrity (blue). This suggests that the loss of typical laterality may be due to a loss of typical transcallosal inhibition via corpus callosal fibers.\
**Abbreviation:** BOLD, blood-oxygen level dependent.](sar-3-115Fig6){#f6-sar-3-115}

###### 

Common techniques used to investigate neural function and structure in cocaine users

                                          Technique                                                                       Signal source                                                                                        Strengths                                                                                      Weaknesses
  --------------------------------------- ------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------- ----------------------------------------------------------------
  Neural structure                        Diffusion tensor imaging (DTI)                                                  Diffusion properties of water in space (eg, fractional anisotropy, used to assess fiber integrity)   Noninvasive, widely available, ability to map fiber tracts                                     Quantification of fiber tracts is not yet standardized
  Voxel-based morphometry (VBM)           Relative gray/white matter tissue density in a patient relative to a template   Widely available, ability to compare each voxel across whole brain                                   Imperfect registration to template                                                             
  Neurochemistry                          Positron emission tomography (PET)                                              Distribution of binding for a radiolabeled tracer (eg, FDG, dopamine)                                Unique ability to assess neurotransmitter distribution, can compare across sites/time-points   Cost, availability, requires injection of a radioactive ligand
  Magnetic resonance spectroscopy (MRS)   Chemical composition of an area based on resonance frequencies                  Unique ability to noninvasively measure chemistry                                                    Limited ability to sample multiple brain regions, lower spatial resolution                     
  Neural function                         Functional magnetic resonance imaging (fMRI)                                    Change in local concentration of oxygenated hemoglobin (BOLD)                                        Temporal and spatial resolution good for assessing circuits, noninvasive                       Difficult to compare across sites/time-points
  Arterial spin labeling (ASL)            Distribution of magnetically labeled blood flow                                 Test--retest reliability, quantifiable measurements                                                  Not widely available, low temporal resolution, cannot image whole brain                        

**Abbreviations**: BOLD, blood-oxygen level dependent; FDG, fluorodeoxyglucose.
